Endorepellin, a C-terminal fragment of the vascular basement membrane proteoglycan perlecan, inhibits angiogenesis via the ␣2␤1-integrin receptor. Because this integrin is also implicated in plateletcollagen responses and because endorepellin or its fragments are generated in response to injury and inflammation, we hypothesized that endorepellin could also affect platelet biology. We discovered that endorepellin supported ␣2␤1-dependent platelet adhesion, without appreciably activating or aggregating platelets. Notably, endorepellin enhanced collagen-evoked responses in platelets, in a src kinase-dependent fashion, and enhanced the collagen-inhibitory effect of an ␣2␤1-integrin function-blocking antibody. Collectively, these results suggest that endorepellin/␣2␤1-integrin interaction and effects are specific and dependent on cell type, differ from those emanated by exposure to collagen, and may be due to cellular differences in ␣2␤1-integrin activation/ligand affinity state. These studies also suggest a heretofore unrecognized role for angiostatic basement membrane fragments in platelet biology. (Blood. 2007;109:3745-3748)
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Introduction
Endorepellin, the C-terminal domain of perlecan, 1,2 exerts antiangiogenic activity [3] [4] [5] by interacting with ␣2␤1 integrin and triggering a signaling cascade that leads to disruption of actin cytoskeleton in endothelial cells and ultimately to angiostasis. 6, 7 The ␣2␤1 integrin also exists in platelets, fibroblasts, and epithelial cells and regulates cell adhesion and signaling. [8] [9] [10] [11] [12] We hypothesized that endorepellin could affect platelet function via this integrin receptor. This hypothesis is based on the fact that endorepellin or fragments thereof are present in the blood and various body fluids and could interact with platelets at sites of injury, inflammation, and cancer growth. For example, a biologically active fragment of endorepellin (LG3) is present in the urine of patients with end-stage renal disease 13 and in the amniotic fluid of pregnant women with premature rupture of fetal membranes. 14, 15 Perlecan fragments of similar size were found in urinary 16 and blood 17 proteomes, and LG3 is released by apoptotic endothelial cells. 18 Here we show that endorepellin supports ␣2␤1-integrinmediated platelet adhesion, but does not activate or aggregate platelets. Via an src kinase-dependent mechanism, endorepellin enhances all collagen-evoked platelet responses studied, without directly binding to collagen. 3 Our results suggest that endorepellin/␣2␤1 interactions are cell specific and differ from collagen-␣2␤1 binding. Generation of endorepellin at sites of injury might enhance initial platelet adhesion and in combination with newly exposed collagen matrix could hasten in vivo platelet responses.
Materials and methods
Informed consent was provided according to the Declaration of Helsinki and Institutional Review Board approval was obtained from Thomas Jefferson University.
Endorepellin, platelets, and materials
Reagents are listed in the Supplemental Materials (available on Blood website; see the Supplemental Materials link at the top of the online article).
Platelet adhesion, activation, and aggregation assays
Methods are detailed in the Supplemental Materials. All experiments were performed 4 times. Data were analyzed with SPSS software (SPSS, Chicago, IL), and statistical significance was determined by the unpaired Student t test.
Results and discussion
Endorepellin supported platelet adhesion via ␣2␤1 integrin as shown by specific function-blocking antibodies ( Figure 1A ). Endorepellin enhanced (P Ͻ .001) platelet adhesion to collagen, which could be blocked by the src kinase inhibitor PP1 (10 M; Figure 1B ), a concentration sufficient to reduce src phosphorylation on its activation loop 19 by 75% (P Ͻ .005) in unactivated platelets in suspension ( Figure S1A ). Adhesion kinetic studies demonstrated a significant (P Ͻ .001) increase in adhesion rate to endorepellin For personal use only. on November 3, 2014. by guest www.bloodjournal.org From and collagen plus liquid-phase endorepellin ( Figure 1C ). Endorepellin increased platelet adhesion proportionally to increasing amounts of immobilized collagen ( Figure 1D ). Platelet adhesion to increasing amounts of immobilized endorepellin rapidly saturated ( Figure  1D ), further suggesting high platelet affinity for endorepellin. PP1 inhibited platelet adhesion to type I collagen but surprisingly enhanced platelet adhesion to endorepellin ( Figure S1B ), suggesting a differential effect of src in mediating the effects of endorepellin and collagen. As increased platelet src kinase activation beyond constitutive levels 20 activates ␣2␤1 via inside-out signalling, 21 PP1 may decrease ␣2␤1 activation. If endorepellin has preferential affinity for the inactive ␣2␤1, as reported to occur for other ␣2␤1 ligands, 10 this could explain the PP1 differential effects.
The ␣2␤1-specific collagen I triple-helical peptide GFOGER inhibited endorepellin-and collagen-evoked platelet adhesion ( Figure 1E ; 1-100 M; P Ͻ .001). Specificity was confirmed by blocking in magnesium-free conditions ( Figure 1F ), necessary for ␣2␤1-integrin-mediated adhesion, 22 but not with antibodies against other platelet receptors or a nonfunction blocking antibody to ␣2␤1 ( Figure 1F ). Endorepellin (20 g/mL) inhibited platelet adhesion to GFOGER-coated wells (10 g/mL) by 33% (not shown). Because GFOGER has high affinity for ␣2␤1 and does not require activated ␣2␤1 for adhesion, 21 these results suggest a similar high-affinity endorepellin/␣2␤1 interaction that potentially competes with GFOGER, but enhances collagen/␣2␤1 interaction.
Next, we investigated the effects of endorepellin on platelet activation. Platelet adhesion to endorepellin or BSA plus liquidphase endorepellin, unlike collagen or GFOGER, 21 failed to activate platelets (Figure 2A ). These conditions demonstrated phosphorylation of a prominent 60-kDa band that was also present in control platelets (Figure 2A ) and very faint bands at 65 and 72 kDa, compared to multiple phosphorylated bands in activated collagen-adherent platelets. Addition of liquid-phase endorepellin to collagen-exposed platelets resulted in the appearance of a single additional band at 95 kDa and quantitative changes in the other bands (Figure 2A ). By immunoblotting, we identified the 125-kDa band as focal adhesion kinase (FAK), also phosphorylated in endothelial cells by endorepellin, 5 the 65-kDa band as SHP1, and the 85-kDa band as cortactin (not shown). Endorepellin caused an increase (P Ͻ .005) in Tyr-phosphorylation of 60-, 65-, 85-, and 125-kDa bands ( Figure 2B ). Preincubation with 10 M PP1 with or without endorepellin (without endorepellin not shown) prevented the phosphorylation of all other bands (Figure 2A ) except the 60-kDa band ( Figure 2B ). We hypothesized that the 60-kDa band was src 20 and assayed src activation by immunoblotting for src pTyr418 ( Figure S2A ). Collagen-adherent platelets had more src pTyr418 compared to BSA-adherent platelets (P Ͻ .005) demonstrating that collagen activates src. Addition of liquid-phase endorepellin showed a further increase (P Ͻ .005) in src pTyr418 that could be blocked by PP1 (pTyr418 level not significantly different, P Ͼ .05, from that obtained with collagen alone, Figure  S2B ). Endorepellin alone had no effect on src pTyr418 and identical results were obtained with platelets in suspension (not shown). The PP1 results agree with our platelet-adhesion studies ( Figure 1B) where PP1 suppressed endorepellin effects on collagenplatelet adhesion, but did not further inhibit adhesion. Endorepellin enhanced the rate of collagen-mediated FAK phosphorylation in suspended platelets ( Figure S3 ), demonstrating that endorepellin enhances the rate and extent of collagen platelet activation, which also parallels the endorepellin rate enhancement of platelet adhesion to collagen.
These results demonstrate that, in the absence of collagen, endorepellin supports adhesion of unactivated platelets and does not subsequently activate them, whereas in the presence of collagen, endorepellin enhances platelet adhesion and activation. The ability of PP1 to diminish platelet/src activation, enhance platelet adhesion to endorepellin, and inhibit endorepellinenhanced collagen responses demonstrates the central role of src in mediating the effects of endorepellin.
Endorepellin alone did not cause platelet aggregation but significantly (P Ͻ .001) enhanced platelet aggregation induced by fibrillar collagen I (Figure 2C-D) , but not by PAF or ADP (not shown). When we used acid-soluble collagen, which binds and activates platelets specifically via ␣2␤1 integrin, 23, 24 endorepellin shortened (P Ͻ .001) the lag time to acid-soluble collagen platelet aggregation ( Figure 2E-F) . In contrast, function-blocking ␣2␤1 antibody increased it and nonfunction-blocking ␣2␤1 antibody (12F1) had no effect. Unexpectedly, the combination of acid-soluble collagen, endorepellin, and function-blocking ␣2␤1 antibody (but not 12F1) resulted in a significant increase in lag time ( Figure 2E-F) , suggesting that endorepellin potentiates antibody inhibition.
Perlecan, a widely expressed vascular basement membrane constituent, likely provides endorepellin at sites of injury and inflammation by proteolytic processing. We demonstrate that endorepellin binds to platelets and enhances collagen-mediated platelet responses that could promote clot formation and healing. Although both collagen and endorepellin interact with the platelet ␣2␤1 receptor, our data suggest they interact differently. Because the ␣2␤1 receptor exists in an inactive and 2 active conformational states with low or high collagen affinities, respectively, 25 endorepellin could possibly function as a high-affinity ␣2␤1 ligand, preferentially binding to inactive ␣2␤1 and converting it into a high-affinity state; this would enhance ␣2␤1-ligand-mediated responses. The ability of endorepellin to partially inhibit platelet adhesion to GFOGER is further evidence of a similar, possibly competitive, ␣2␤1 interaction. Endorepellin does not directly bind to collagen 3 and unlikely binds GFOGER, the major binding site for the ␣2 Figure  1A ) with or without liquid-phase ER (20 g/mL) or with or without PP1 (10 M) for 60 minutes at 37°C, followed by removal of nonadherent platelets, lysis of adherent platelets with ice-cold RIPA buffer, and protein separation by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Control, unplated platelets in suspension are also shown. I domain within collagen I. GFOGER sequence is present at a higher frequency in the GFOGER peptide (ϳ17%, 1 copy/36 residues) than in a collagen I molecule (0.4%) 21 ; so, adding higher concentrations of GFOGER could compete against collagen I for adhesion and enhance its own adhesion to platelets over collagen I. Unlike GFOGER, 21 endorepellin does not activate platelets suggesting that GFOGER and endorepellin interact differently with ␣2␤1. Furthermore, inhibition of platelet src kinase may inhibit inside-out activation of platelet ␣2␤1 integrin 21 effectively increasing ␣2␤1-mediated adhesion to endorepellin and suppressing endorepellin ligand enhancement effects.
